BACKGROUND: Embryo morphology and cleavage rates alone do not consistently identify embryos with high implantation potential following IVF. Blastocyst transfer has been reported to improve success rates by identifying potentially superior quality embryos. Algorithms for predicting IVF outcomes based on the presence of early developmental milestones have been proposed. Here we introduce the Graduated Embryo Score (GES). METHODS: Nucleolar alignment along the pronuclear axis, regular cleavage and degree of fragmentation at the first cell division, and cell number and morphology on day 3 were weighted to create a possible GES of 100 for each of 1245 fertilized embryos derived from 109 patients aged <40 years. The GES was correlated with IVF outcome. RESULTS: Of 983 embryos for extended culture, 349 (36%) developed to blastocyst and 180 (18%) were good quality (grade I-II). When ranked by cell number and morphology alone, 34% of embryos with ≥7 cells and <20% fragmentation formed good quality blastocysts. Using GES, embryos scoring 90-100 had 64% blastocyst formation compared with 31% scoring 70-85 and with 11% scoring 30-65. Embryos scoring 70-100 had 44% blastocyst development compared with 9% scoring 0-65. Fifty-six patients (51%) conceived on-going gestations from 294 transferred embryos. In patients with at least one transferred embryo scoring ≥70, the pregnancy rate was 59% compared with 34% if all embryos scored <70. The overall implantation rate was 28%. Among embryos scoring 70-100, an implantation rate of 39% was seen, compared with 24% among embryos scoring 0-65. CONCLUSIONS: Predicting which cleaved embryos will form blastocysts could permit the high success rates associated with blastocyst transfer to be achieved from day 3 embryo transfer.
Introduction
Blastocyst transfer has been reported to generate high pregnancy and implantation rates, while lowering the multiple gestation rate following IVF (Gardner et al., 1998; Milki et al., 1999) . The development of supernumerary sibling embryos to the blastocyst stage has also been shown to predict pregnancy in the current cycle with embryos transferred on day 3 . It has been reported that day 3 embryo morphology alone is a poor predictor of blastocyst quality (Graham et al., 2000) . More than 50% of embryos derived from IVF patients with a poor prognosis are genetically abnormal (Gianaroli et al., 1997) and as many as 40% of blastocysts exhibited some chromosomal mosaicism of the inner cell mass (Magli * et al., 2000) . This high rate of genetic dysfunction correlates with previously reported blastocyst conversion rates of 50% , as well as with the clinical observation that approximately half of the embryos seen on day 3 will not survive to day 5. The benefit of blastocyst transfer in increasing the implantation rate has been attributed to facilitating a natural selection of 'good quality', embryos.
However, extended embryo culture has several potential drawbacks. Not all laboratories are equipped to perform blastocyst culture. Extended embryo culture requires a specialized sequential media system, which makes the success rates of IVF programmes that depend upon sustaining high blastocyst conversion rates susceptible to variations in culture media quality. Increased incubator space is necessary to accommodate extended culture and is a limiting factor for many programmes. There is also controversy surrounding the ideal stage for cryopreservation of supernumerary embryos, which many feel is best performed at the cleavage stage rather than as blasto-cysts. Finally, there is the thorny issue of not having an embryo transfer if no embryos survive to the fifth day.
Many programmes that perform blastocyst transfer have criteria, such as 4 or more 8-cell embryos on day 3 , for recommending extended culture. These criteria serve to identify patients with a good prognosis for pregnancy, regardless of whether their embryos are transferred on day 3 or day 5. Several authors (Scott and Smith, 1998; Tesarik and Greco, 1999; Tesarik et al., 2000) have proposed criteria to identify embryos at the pronuclear stage, which have a good prognosis for implantation and pregnancy. Several early developmental milestones such as pronuclear symmetry, nucleolar alignment and perinuclear haloing that may be important in predicting implantation potential and pregnancy have been described (Scott and Smith, 1998) ; these authors reported a 15% implantation rate in 97 patients, which could be improved to 28% in 48 patients whose embryos had a corrected embryo score of 15 or more. Tesarik and Greco reported a 50% (22/44) pregnancy rate if at least one transferred embryo was pattern 0 (normal development), compared with 9% (2/23) if only pattern 1-5 (abnormal development) embryos were available for transfer (Tesarik and Greco, 1999) .
It is the policy of our laboratory to culture each embryo separately, rather than in groups. This provides us with the opportunity to follow the developmental progression of individual embryos. The ability to identify on day 3 which embryos will develop into blastocysts offers the potential to increase laboratory efficiency while maintaining the high implantation and pregnancy rates associated with blastocyst transfer. By expanding upon and combining the work of previous authors, we have developed the Graduated Embryo Score (GES), which is comprised of two interval evaluations of early developmental milestones, along with a weighted assessment of conventional morphological characteristics on day 3. The purpose of this study was to evaluate the ability of GES to predict blastocyst conversion, pregnancy and implantation from a large cohort of cleavage-stage embryos derived from patients undergoing treatment with IVF.
Materials and methods
A total of 1245 fertilized embryos was derived from 109 women Ͻ40 years of age. All patients had medical indications for IVF, a normal uterine cavity and were stimulated with recombinant human FSH after pituitary down-regulation with a gonadotrophin-releasing hormone agonist in a long protocol. Follicular development was monitored with transvaginal ultrasound and serum oestradiol measurements. Ovulation was triggered with 10 000 IU human chorionic gonadotrophin (HCG) when two lead follicles were ജ18 mm in diameter and ജ50% of the total number of follicles were 15 mm in diameter. Oocytes were retrieved transvaginally under ultrasound guidance 34-36 h after the triggering of ovulation. Metaphase II oocytes were inseminated using intracytoplasmic sperm injection (ICSI) 4-6 h after retrieval. Embryos were cultured individually in 50 µl droplets of P1 (Irvine Scientific, Santa Ana, CA, USA) ϩ 10% synthetic serum substrate (SSS) under oil until day 3 and then in 50 µl droplets of blastocyst medium (Irvine Scientific) ϩ 10% SSS until day 5 in a 5% CO 2 , 5% O 2 , 90% N 2 environment. Weighted scores out of 100 were awarded based on the presence of critical 1971 developmental milestones assessed at three evaluations occurring between 16 and 67 h after fertilization (Table I) .
We have previously presented data using a prototype embryo scoring system (Rodriguez et al., 2000) . In the initial system the embryos were evaluated four times. The first occurred at 16-18 h post insemination and evaluated cytoplasmic halo and vacuoles, pronuclear size and juxtaposition, nucleolar alignment and polar body apposition and fragmentation. The embryos were then evaluated at 25-27 h post insemination for dissolution of the pronuclear membrane, blastomere cleavage, symmetry and the degree of fragmentation. The embryos were next evaluated at 40-43 h post insemination for blastomere number, symmetry and percentage fragmentation. A final evaluation of blastomere number and morphology was performed at 64-67 h post insemination and generated a total GES out of a possible 200 points. This GES was correlated with blastocyst development and implantation rate (Rodriguez et al., 2000) .
After reviewing the data from the first 685 embryos, the system was modified and simplified to increase its predictive value. The present system awards a total possible score of 100 points, based on three evaluations occurring at 16-18, 25-27 and 64-67 h post insemination (Table I) . Several of the original parameters were eliminated, as they did not appear to influence the predictive value. In addition, the relative weight of each parameter was redefined following a review of the pertinent literature.
Based on previous work (Scott and Smith, 1998; Tesarik et al., 2000; Wittemer et al., 2000) , alignment of the nucleoli along the pronuclear axis at 16-18 h was given increased significance ( Figure  1a ). Symmetrical cleavage and Ͻ20% fragmentation at the first cell division ( Figure 1b ) were found to be among the most important parameters and were given increased weight. The relative importance of these two parameters is supported by the work of Zaninovic et al., who reported a 42% blastocyst conversion rate among embryos with cleavage at 24-26 h after fertilization, compared with only 11% blastocyst formation among embryos still at the pronuclear stage (Zaninovic et al., 2000) . A 42% blastocyst development from embryos with 7-9 cells on day 3, compared with 14% if Ͻ7 cells, has been reported (Alikani et al., 2000) . Based on this work, a higher weight was given to embryos with 7-9 cells on day 3, and the highest weight given to embryos with 8 cells (Figure 1c ). After incorporating these modifications, the initial data were reanalysed and found to be significantly more predictive of blastocyst formation ( Figure 1d ) and pregnancy rate.
In order to evaluate implantation rates among sub-populations, only those patients who had either 100% implantation or in whom all transferred embryos scored above or below GES 70 were considered. An additional 560 embryos were evaluated using the new scoring system in order to validate the consistency of the results. Both sets of data were then pooled to generate the data presented here. χ 2 -tests were used to analyse differences in rates and proportions. Significance was set at P Ͻ 0.05.
Results
During the study period, 1245 fertilized embryos were produced from 109 patients aged Ͻ40 years (mean 32, SD 4.3) undergoing treatment with IVF/ICSI (Table II) . Of these, 206 were transferred on day 3 and 56 were cryopreserved on day 3. Of the 983 embryos available for extended culture, 349 (36%) developed to blastocyst. Of these, 180 (52%) were deemed of good enough quality to be cryopreserved (grade I-II) (Table II) .
Embryos scoring 90-100 had 64% (70/110) grade I-II blastocyst formation, compared with 31% (49/159) of those (Table III) . Embryos scoring GES 70-100 had 44% (119/269) grade I-II blastocyst formation compared with 34% (156/462) of embryos with ജ7 cells, regular cleavage and Ͻ20% fragmentation when evaluated by the conventional characteristics of cell number, and morphology on day 3 alone (P Ͻ 0.005) (Table IV) . There were 294 embryos transferred into the 109 patients (Table II) . On day 3, 206 embryos were transferred into 71 patients and 88 embryos were transferred into 38 patients on day 5. The mean number of embryos transferred was 2.7 ( Table II) . Positive pregnancy tests were achieved in 64 patients (59%) and on-going gestations were confirmed in 56 patients (51%), including 22 multiple pregnancies (39%) ( Table II) . From day 3 transfers, 48 (68%) pregnancies and 42 (59%) ongoing gestations resulted. From day 5 transfers, 16 (42%) pregnancies and 14 (37%) on-going gestations resulted. When the data were stratified by the highest scoring transferred embryo, the pregnancy rate was 59% (44/74) among patients whose 'best' embryo scored ജ70, compared with 34% (12/35) if the highest scoring transferred embryo was ഛ65 (P Ͻ 0.015) ( Table V) . In contrast, when the data were stratified based on the mean GES of all transferred embryos per patient, no significant difference in pregnancy rate was noted (data not shown). The overall implantation rate was 28% (83 sacs/294 embryos transferred) (Table II) . Among a sub-population of patients in whom implantation could be evaluated with certainty, those embryos scoring GES 70-100 had an implantation rate of 39% (34/87) compared with 24% (22/92) with GES 0-65 (P Ͻ 0.03) (Table VI) . 
Discussion
Selecting embryos with high implantation potential is one of the most important challenges in the field of assisted reproduction. Embryo quality has traditionally been evaluated based on cleavage rate and blastomere morphology (Puissant et al., 1987) . However, due to the high rate of genetic wastage, these characteristics alone lack sufficient sensitivity and specificity to predict high pregnancy rates, which has often prompted clinicians to transfer more embryos and has led to a dramatic increase in the multiple gestation rate. Extended culture of embryos to the blastocyst stage has been used to improve selection for embryo viability. The development of reliable blastocyst culture techniques has allowed the transfer of fewer embryos, reducing the multiple gestation rate while maintaining high on-going pregnancy rates (Gardner et al., 1998; Milki et al., 1999) . However, blastocyst culture requires specialized media, which can significantly increase laboratory costs. In addition, the ability to extend embryo culture is often limited by the availability of adequate incubator space.
It has been postulated that embryonic developmental potential can be identified as early as the pronuclear stage (Scott and Smith, 1998) . Tesarik and Greco (1999) reported that the evaluation of nuclear precursor body symmetry could be more important than cleavage speed (Tesarik and Greco, 1999) . It has further been reported that the implantation potential is greater in embryos with normal pronuclear development compared with those with abnormal pronuclear development, even if the rate of cleavage and morphology are the same (Tesarik et al., 2000) . Single embryo transfer based on early evaluation of embryo cleavage and morphology has resulted in a 42% implantation rate (Gerris et al., 1999) .
Our findings in a large cohort of embryos demonstrated a 36% overall blastocyst conversion rate, with 18% deemed of good enough quality for cryopreservation. However, these numbers are probably an underestimate of the true blastocyst development rates, since 22% (262/1245) of the embryos evaluated were transferred (n ϭ 206) or cryopreserved (n ϭ 56) on day 3. Of those embryos transferred on day 3, 64 gestational sacs resulted (24 singleton, 14 twin, and four triplet), in which at least one additional embryo must have developed to the blastocyst stage.
By ranking embryos based on GES, the blastocyst conversion rate could be significantly increased. Among embryos scoring 90-100, grade I-II blastocyst development occurred in 64%. Among those embryos scoring 70-85, 31% developed into grade I-II blastocysts, while only 11% of embryos scoring 30-65 formed good quality blastocysts (Table III) . Embryos scoring 70-100 had 44% grade I-II blastocyst formation compared with 9% among embryos scoring 0-65. In contrast, when the data were analysed by cell number and morphology on day 3, only 34% (156/462) of embryos with ജ7 cells, regular cleavage and Ͻ20% fragmentation developed into grade I-II blastocysts (Table IV) . These findings suggest that high GES scoring embryos on day 3 can predict high quality blastocyst conversion better than cleavage rate and morphology alone. However, our findings also show that some embryos with low scores will still form grade I-II blastocysts, especially among those scoring 30-65, indicating that further refinement of grading criteria may still be necessary.
When the data were stratified based on the highest scoring transferred embryo, those patients with at least one embryo scoring ജ70 had a 59% pregnancy rate compared with 34% if the best embryo scored Ͻ70 (Table V) . In contrast, the average score of all transferred embryos per patient was not found to be significantly predictive of pregnancy (data not shown). These findings suggest that a threshold of 70 can be used to accurately identify embryos with high potential for causing a pregnancy.
The overall implantation rate was 28%. The implantation rate from day 3 embryo transfer was 32% and from day 5 embryo transfer was 22%. This rate could be significantly improved by using GES to select embryos for transfer. Among the sub-population of patients with 100% implantation, as well as those in whom all transferred embryos scored above or below 70, the implantation rate was 39% among those embryos scoring GES 70-100 compared with 24% among embryos scoring 0-65 (Table VI) . These results compare favourably with other reported implantation rates (Gerris et al., 1999; Tesarik et al., 2000) . The relatively low pregnancy and implantation rates seen with day 5 embryo transfer may be explained in part by our tendency to have transferred good quality, high scoring embryos on day 3, leaving many embryos of questionable quality for extended culture. In addition, the difference in pregnancy rates between day 3 and day 5 embryo transfer (68 versus 42%) suggests that high GES scoring embryos may have some advantage from day 3 embryo transfer over day 5 embryo transfer.
It should also be remembered that the implantation rates reported here are again likely to be an underestimate of the true values, since not all transferred embryos could be evaluated. In addition, eight biochemical pregnancies were excluded (an additional 13% of pregnancies), in which at least one embryo must have initially implanted. While it is tempting to correlate GES with implantation, it must be understood that many variables beyond embryo quality affect implantation, and therefore the idea that any one parameter in isolation can determine outcome must be viewed with extreme caution. Finally, we realize that the data analysis presented here is retrospective and we are currently in the process of prospectively evaluating the ability of GES to predict outcome.
The GES relies on a combination of pronuclear morphology, early cleavage and day 3 morphology to identify embryos with a high potential for blastocyst conversion, pregnancy and implantation. By combining and differentially weighting the significant developmental milestones identified by previous authors, we have been able to create a simple scoring system with a high predictive value for blastocyst development and pregnancy potential. The ability to predict, on day 3, which embryos will to develop to blastocysts may decrease laboratory culture expense, improve efficiency, and allow for earlier cryopreservation of supernumerary embryos. Since embryos with a high GES achieved pregnancy and implantation rates comparable with those associated with blastocyst transfer, the transfer of no more than two embryos scoring 90-100 is recommended. We are currently developing a nomogram for determining how many embryos to transfer on day 3 based on GES ranking, in order to maximize the chance of a singleton gestation. Transfer of a single embryo based on a high GES might be used to reduce the chance of multiple gestations in patients at high risk, while transferring three or more embryos might be appropriate in patients with only low scoring embryos available for transfer.
Our early experience also indicates that the individual embryo culture method employed in this study had no adverse effect on the rate of blastocyst development, nor did the repeated removal of the embryos from the incubator for evaluation. We also observed that fragmentation, if absent at the first cleavage, did not occur during subsequent development. We intend to further define those characteristics that are critical to blastocyst development, so that embryos with high implantation potential can be identified with more precision.
1975
However, based on our present data, we suggest that it is possible to achieve the high pregnancy and implantation rates associated with blastocyst transfer from the transfer of cleavage-stage embryos selected upon the basis of GES.
